We present simulations and analytic calculations of the electromagnetic microwave fields of coplanar waveguide (CPW) resonators in the vicinity of highly conducting metallic samples. The CPW structures are designed with the aim of investigating electron spin resonance (ESR) in metallic heavy-fermion systems, in particular YbRh2Si2, close to the quantum critical point. Utilizing CPW resonators for ESR experiments allows for studies at mK temperatures and a wide range of freely selectable frequencies. It is therefore of great interest to evaluate the performance of resonant CPW structures with nearby metallic samples. Here we study the microwave fields at the sample surface as a function of sample distance from the waveguide structure and analyze the implications of the sample on the performance of the resonator. The simulation results reveal an optimum sample distance for which the microwave magnetic fields at the sample are maximized and thus best suited for ESR studies.
I. INTRODUCTION
Quantum criticality in heavy-fermion metals is a major research topic in solid state physics [1] [2] [3] . The main concept is that a magnetic phase transition is suppressed continuously with an external tuning parameter, which changes the relative strength of RKKY interaction (favoring magnetic order) and Kondo interaction (favoring a non-magnetic ground state). Here the f electrons of Ce or Yb atoms in the crystal structure play a crucial role, and therefore studying the spin dynamics of local magnetic moments and/or heavy quasiparticles is of great interest [4] . A well-established example for heavy-fermion quantum criticality is YbRh 2 Si 2 , where a small magnetic field of 60 mT applied within the tetragonal crystal plane suffices to suppress the antiferromagnetic order that is present below 70 mK at zero magnetic field [2, 3] . YbRh 2 Si 2 exhibits pronounced ESR at low temperatures [5] . In conventional ESR experiments, the resonance condition hf = gµ B H (with h Planck's constant, f microwave frequency, g ESR g-factor, µ B Bohr magneton, and H applied magnetic field) is fulfilled by setting a fixed ESR frequency f and then sweeping the magnetic field H until resonance is achieved. For YbRh 2 Si 2 , sweeping the external magnetic field also means moving in the phase diagram of the material, and therefore it is desirable to study YbRh 2 Si 2 at different ESR fields, which requires different ESR frequencies. While numerous commercial as well as high-frequency ESR setups have already been used to study YbRh 2 Si 2 [5-9], they could not access the most interesting regimes of the phase diagram due to two fundamental limitations. Firstly, conventional ESR techniques only work down to 4 He temperatures, or with extra effort down to 3 He temperatures [9] , and thus cannot come close to the low temperatures needed to reach the antiferromagnetic and Fermi-liquid regimes [2] . Secondly, they are limited in their choice of ESR frequency, and therefore cannot be adjusted to the frequencies required for particular magnetic fields of interest. Concerning frequency-tunable or broadband ESR, several new techniques have been developed recently [10] [11] [12] [13] [14] [15] . An approach that is particularly suited to overcome the limitations discussed above are planar microwave resonators [4] , which are compact enough for operation in a dilution refrigerator at mK temperatures and provide great freedom of choice regarding the resonance frequency due to the simple possibility of designing and implementing the resonator according to the desired characteristics. In the present work, we show how ESR measurements on a metallic sample using coplanar res-onators can be optimized, in particular by changing the distance between sample and resonator chip. Here we have the special case of YbRh 2 Si 2 in mind, but there are more heavy-fermion materials where such an experiment is of interest [16, 17] . Furthermore, planar microwave resonators similar to the one discussed here are also used in quantum information science or for spectroscopy on the conductivity of superconductors and metals [18] [19] [20] .
II. RESONATOR MODEL AND PARAMETERS
The resonator under study is shown in Figure 1 (a) and consists of a structured superconducting film on top of a dielectric substrate (sapphire). The structure itself is comprised of a signal carrying center conductor flanked by two ground planes. For a given relative permittivity ε r of the substrate, the waveguide impedance, which has to be matched to the 50 Ω impedance of the microwave equipment, is mainly defined by the width S of the center conductor and the distance W between center conductor and ground planes [21] (here S = 60 µm and W = 25 µm for a sapphire substrate with ε r = 10). The boundary conditions -for instance distances to lateral or vertical conductive walls -have also to be taken into account once they get comparable with the structural dimensions of the waveguide. Since the microwave electric and magnetic fields extend both into the substrate and the space above the structure (here modeled as air), the waveguide properties can be expressed in terms of an effective dielectric constant ε eff which is a function of all structural characteristics, including the boundary conditions [21] . To create a coplanar waveguide resonator, it suffices to integrate two discontinuities at a distance ℓ into the center conductor that allow for partial reflection of the microwave. A common way is inserting two gaps of size G that capacitively couple the adjacent center conductor strips. The size of G determines the coupling strength (here G was chosen to 100 µm). The resonator frequencies are then given by f n = (n + 1)c/(2ℓ √ ε eff ) (with n = 0, 1, 2, . . . and c the vacuum speed of light).
The center conductor of the structure depicted in Figure 1 (a) is widened towards the input and output feeds to accommodate for the microwave connectors. For the actual experiment, the waveguide resonator is put into a brass sample holder box, connected to coaxial lines and the sample is affixed to a bolt in the lid of the sample holder box to adjust for different heights (cf. Figure 1 (b) ). To reliably obtain the local fields, the structure needs to be densely meshed close to the waveguide (zoom view for more detail).
The structure studied in this work was designed for a fundamental frequency of f 0 = 2.68 GHz in the absence of any sample material. In such a case, the microwave magnetic field (H rf ) shows a profile as illustrated in Figure 2 (a) (calculated according to [22] ). The polarization of H rf is a strongly position-dependent superposition of linear polarization along y and along z-direction. The sample was modeled as a cylindrical metallic object with a diameter of 3 mm and a resistivity of 0.6 µΩ cm (low temperature resistivity of YbRh 2 Si 2 [23] ) placed at a distance d above the center of the waveguide resonator structure. For simplicity, the waveguide structure itself was modeled as perfect electric conductor. To obtain the electromagnetic fields, the volume is divided into mesh cells (see Figure 2 (c)), and the S-parameters (scattering parameters) as well as the field distributions are acquired using CST Microwave Studio .
III. RESULTS
In the absence of any sample, the metallic cover is located 3 mm above the resonator structure. For such a scenario the simulated forward transmission (S 21 parameter) shows a clear Lorentzian shaped resonance centered around 2.792 GHz. In this work, the structure was simulated for sample distances d ranging from 80 to 500 µm. A selection of S 21 transmission parameter curves is plotted in Figure 3 (a) . As a function of decreasing sample distance, three effects become clearly notable -(i) the resonance frequency is shifted towards higher frequencies; (ii) the height of the resonances strongly decreases, and (iii) the width of the resonance curves increases substantially. While the two latter observations can be explained in terms of supplemental ohmic losses (see below) the first point is a superposition of two different effects. To explain this behavior, the obtained frequencies are plotted as a function of sample distance in Figure 3 (b) (solid blue line). In addition, the resonance frequency was calculated for a structure with a perfect conducting electric wall placed at distance d (dashed red line) via f 0 = c/(2ℓ ε eff (S, W, d)). Here, ℓ was chosen such that both frequencies coincide for d = 3 mm at f 0 = 2.792. The result shows the same global behavior as the simulated resonance frequencies but with a distance dependent offset. Therefore, the increase of frequency is a result of changed boundary conditions and only the offset describes the frequency shift due to the ohmic losses caused by the sample (shown in Figure 3 (c) ). A commonly used quantity to describe the performance of resonators is the quality factor Q which directly probes the losses in the complete system. It is defined as the ratio between energy stored in the resonator and energy dissipated per cycle. Experimentally, it can be obtained by Q = f 0 /∆f 0 (with ∆f 0 : FWHM of the resonance curve). The d-dependent quality factor is plotted in Figure 4 (a) . At large sample distances, Q is on the order of 10 5 and decreases strongly over almost two orders of magnitude with decreasing d. This reduction of Q is purely due to the finite resistivity of the sample material, since Q stays constant for perfect conducting samples (not shown), and illustrates the strong dependence of the resonator performance on the presence of any loss channels. From the viewpoint of applicability concerning ESR studies the absolute microwave magnetic field at the sample position is of the paramount interest since the ESR line intensity scales with H 2 rf [24] . Figures 4 (b) and (c) illustrate how the magnetic fields depend on the sample distance for an input power of 1 W. Panel (b) shows the absolute value of the rf field amplitude |H rf | directly at the sample surface above the center of the waveguide structure at (0, 0, d) and panel (c) shows the field distribution in a cross section of the model structure in the yz-plane (x = 0, |y| 500 µm, −200 z 600 µm, see Figure 1 (a) for definition of coordinates). For large distances, the system gets only slightly perturbed by the lossy sample. The quality factor remains high since the electric and magnetic fields at the sample surface are very small. At very small sample distances, the damping of the resistive sample material is dominant and the quality factor is strongly suppressed. As a result, the magnetic fields at the sample-air interface are again small as most of the microwave power is dissipated in the sample. In an intermediate region, for this particular structure ranging from ∼ 220 to ∼ 320 µm, the magnetic fields at the sample surface show a clear maximum and Q scales linearly with sample distance. For those values of d the resonator efficiency parameter [25] 
amounts to Λ > 45 Gs √ W (with incident power P in = 1 W and 1 Gs =1000/(4π) Am −1 ). This parameter gives an impression of how well microwave power is transformed into microwave magnetic field at the sample and thus provides the possibility to compare different ESR resonators. The values obtained in this work exceed those of standard ESR cavities (X-band) by a factor > 30 [25] [26] [27] demonstrating very good performance of CPW resonators for ESR purposes. Another important aspect which can be seen in Figure 4 (c) is that for the intermediate distances the polarization of the microwave field at the sample surface is almost exclusively along y-direction, allowing for a clear assignment of the ESR signal in case of anisotropic metallic samples. Since the spatial confinement of the microwave fields depends on the geometrical parameters of the waveguide structure, i.e. the center conductor width S and the center conductor-ground plane separation W , the optimum region of d varies for different geometries. It is therefore worthwhile to record the quality factor as a function of distance and to choose a distance in the linear regime for the ESR measurement. In addition, the microwave input power has to be low enough to avoid heating of the sample due to induced currents. The surface current density is identical to the fields given in Figure 4 (b) . With only hundreds of µW of cooling power at mK temperatures the microwave power has to be reduced by several orders of magnitude to avoid this unintended heating.
IV. SUMMARY
Using electromagnetic simulations, we have shown that CPW resonators are well suited for ESR on metallic, highly conducting samples such as quantum-critical YbRh 2 Si 2 . As a function of sample distance the changes of the resonance frequency are small whereas the quality factor changes drastically. It was demonstrated that for a certain range of sample distances large efficiency parameters Λ are possible and that this range can be determined by a distancedependent measurement of the quality factor.
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